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Activation of GCN2 in UV-Irradiated Cells
Inhibits Translation
vated protein (MAP) kinase signaling modules to elicit
additional transcriptional responses to UV irradiation
[6–8].
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1Department of Biochemistry UV irradiation to translational repression [2, 9, 10]. The
and McGill Cancer Centre phosphorylation of the  subunit of translation initiation
McGill University factor 2 (eIF2) is a common response of eukaryotic
3655 Promenade Sir William Osler cells to different types of stress [11, 12]. eIF2 forms a
Montreal, Quebec H3G 1Y6 ternary complex with Met-tRNAiMet and GTP. An early
Canada step in translation initiation involves the binding of the
2 Skirball Institute ternary complex to the 40S ribosomal subunit. The 40S
Departments of Medicine and Cell Biology ribosomal subunit, in conjunction with the eIF2 ternary
and the Kaplan Cancer Center complex and other initiation factors, subsequently
New York University School of Medicine scans the mRNA until an initiation codon in the proper
New York, New York 10016 sequence context is detected. Following pairing be-
3 Howard Hughes Medical Institute tween the Met-tRNAiMet anticodon and the AUG start
University of Michigan Medical Center codon, the eIF2-associated GTP is hydrolyzed to GDP.
Ann Arbor, Michigan 48109 eIF2-GDP is then released, and translation proceeds.
eIF2-GDP must be converted to eIF2-GTP to catalyze
subsequent rounds of translation initiation.
Summary The eIF2 GDP-GTP exchange reaction is stimulated
by the guanine nucleotide exchange factor eIF2B [11].
Background: Mammalian cells subjected to ultraviolet Phosphorylation of eIF2 on Ser 51 inhibits the GDP-
(UV) irradiation actively repress DNA replication, tran- GTP exchange reaction by stabilizing the eIF2-GDP-
scription, and mRNA translation. While the effects of UV eIF2B interaction. Since eIF2 is present at higher levels
irradiation on DNA replication and transcription have than eIF2B, phosphorylation of only a fraction of eIF2
been extensively studied, the mechanism(s) responsible can lead to significant eIF2B sequestration and a resul-
for translational repression are poorly understood. tant dramatic translation inhibition. eIF2 is phosphory-
Results: Here, we demonstrate that UV irradiation elic- lated on Ser 51 in response to a variety of stress condi-
its phosphorylation of the  subunit of eukaryotic trans- tions, including suboptimal levels of amino acids, serum,
lation initiation factor 2 (eIF2) by activating the kinase or glucose; exposure to heat, heavy metals, or arsenite;
GCN2 in a manner that does not require SAPK/JNK or or hypoxic or hyperosmotic conditions [11, 13–15]. This
p38 MAP kinase. GCN2/ cells, and cells expressing mode of translational control is evolutionarily conserved
nonphosphorylatable eIF2 as their only source of eIF2 and is effected by at least four different eIF2 kinases.
protein, fail to repress translation in response to UV GCN2 (general control non-derepressible-2), an eIF2
irradiation. kinase conserved from yeast to mammals, is activated
Conclusions: These results provide a mechanism for in response to amino acid starvation, purine limitation,
translation inhibition by UV irradiation and identify a
or methyl methane sulfonate, a DNA-damaging agent
hitherto unrecognized role for mammalian GCN2 as a
[11, 16–19], whereas PERK (also known as PEK) is an
mediator of the cellular response to UV stress.
eIF2 kinase found in metazoans that couples protein
folding in the endoplasmic reticulum to translation initia-Introduction
tion rates in the cytoplasm [20, 21]. The vertebrate ki-
nases PKR (double-stranded RNA activated protein ki-Ultraviolet (UV) irradiation can severely damage nucleic
nase) and HRI (heme-regulated inhibitor) are activatedacids [1, 2]. Damage to DNA, mRNA, rRNA, or tRNA can
by double-stranded RNA during viral infection and he-dramatically affect cellular physiology. Eukaryotic cells
min deprivation, respectively [22, 23]. While GCN2,have thus evolved an array of protective mechanisms
PERK, and PKR share a broad tissue distribution, HRIthat are activated in response to this and other types
is found mainly in erythrocytes.of environmental stresses. The best-characterized UV-
Here, we report that eIF2 phosphorylation in mam-induced protective mechanism is the DNA damage-cell
malian cells is significantly increased in response tocycle checkpoint pathway, activation of which results
UVC (ultraviolet-C; 200–280 nm) irradiation, and that thisin cell cycle arrest and the induction of DNA repair genes
conserved mechanism is required for translation repres-[3–5]. A second, less-characterized pathway is cyto-
sion in response to UV stress. Using mouse embryonicplasmic and is dependent on Ras, which activates the
fibroblasts (MEFs) harboring targeted deletions of thec-Jun N-terminal kinase (JNK) and p38 mitogen-acti-
eIF2 kinases PKR, PERK, or GCN2, we demonstrate
that GCN2 is responsible for eIF2 phosphorylation and4 Correspondence: nahum.sonenberg@mcgill.ca
the inhibition of translation, in response to UVC irradi-5 Present address: Institute for Systems Biology, 1441 North 34th
Street, Seattle, Washington 98103. ation.
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Results
eIF2 Phosphorylation Is Responsible for Inhibition
of Translation by UV Irradiation
UV irradiation inhibits translation in eukaryotic cells. A
common response to various types of environmental
stresses is the phosphorylation of eIF2. To characterize
the effects of UV irradiation on eIF2 phosphorylation
in mammalian cells, dose response and time course
experiments were conducted. A significant increase in
the phosphorylation of eIF2 was detected when cells
were irradiated at a UV dose of 60 J/m2 (Figure 1A). This
dose was found not to cause significant apoptosis in
fibroblasts [24] (and our data not shown) and is the same
dose at which the phosphorylation of the JNK and p38
MAP kinases is detected [25, 26] (Figure 1A). eIF2 is
phosphorylated rapidly (within 1 min) following UV irradi-
ation (80 J/m2 ) and peaks at 20 min post-UV exposure
(Figure 1B). Temporally, peak eIF2 phosphorylation co-
incides with JNK and p38 MAP kinase phosphorylation,
which are early events in the cellular response to UV
irradiation (Figure 1B).
To determine if the observed phosphorylation of eIF2
on Ser51 plays an important role in translational repression
in UV-irradiated cells, we compared the rates of protein
synthesis in UV-irradiated wild-type (wt) MEFs with those
of MEFs derived from homozygous eIF2Ser51Ala/Ser51Ala
“knockin” mouse embryos [27]. eIF2 with the Ser51Ala
substitution can no longer function as a substrate for
kinases that control translation initiation rates but other-
wise provides normal ternary complex function. In wt
cells, UV strongly repressed translation initiation,
whereas in the irradiated eIF2Ser51Ala/Ser51Ala cells, transla-
tion proceeded unabated (Figure 1C), which correlates
with the lack of accumulation of eIF2 phosphorylation
in those knockin cells (Figure 1D). To exclude the possi-
bility that the reduction of 35S-methionine incorporation
into newly synthesized proteins is due to an effect of
irradiation on the uptake of 35S-methionine, we deter-
mined the total amount of radioactivity taken up by the
cells. At a dose (e.g., 80 J/m2 ) that causes strong eIF2
phosphorylation and inhibition of translation in wt cells,
there was no change in the total amount of radioactivity
in eIF2Ser51Ala/Ser51Ala cells (data not shown).
PKR and PERK Are Not Required for UV-Induced
eIF2 Phosphorylation
Having determined that eIF2 phosphorylation plays an
essential role in translational repression in UV-irradiated
(B) The time course of phosphorylation. 3T3 cells were harvested
at the indicated times following UV irradiation (80 J/m2 ). Cell lysates
were analyzed for phosphorylated and total protein as in (A).
(C) Protein synthesis rates were measured in MEFs expressing wild-
Figure 1. Dose Response and Time Course Analyses of the Phos- type or the eIF2Ser51Ala/ Ser51Ala knockin mutant. Cells were irradiated
phorylation of eIF2, JNK, and p38 MAP Kinase Following UV Irradia- with UV light or were treated with thapsigargin (Tg, 500 nM, 1 hr),
tion; Expression of the eIF2 Ser51Ala Mutant Prevents the Attenua- then subjected to a 30-min pulse-labeling in the presence of 35S-
tion of Protein Synthesis by UV Irradiation. methionine. Cell lysates were precipitated by trichloroacetic acid
(A) UV dose response of eIF2, JNK, and p38 MAP kinase phosphor- (TCA) and were measured by scintillation counting. Percentage val-
ylation. 3T3 cells were irradiated with increasing doses of UV light ues were obtained by normalizing the counts of treated samples
and were allowed to recover in complete medium for 30 min before against the controls (the results from three independent experiments
harvest. Cell lysates were analyzed for the phosphorylation of eIF2, are shown).
JNK, and p38 MAP kinase with phospho-specific antibodies as indi- (D) Western blot analysis of eIF2 phosphorylation in the wt and
cated. eIF2Ser51Ala/ Ser51Ala cells shown in (C). C: control.
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Figure 2. PKR and PERK Are Not Required
for UV-Induced eIF2 Phosphorylation
MEFs were irradiated with an increasing dose
of UV light, and cell lysates were analyzed by
Western blotting.
(A) Phosphorylated and total eIF2, and the
expression of PKR protein, in wild-type (/)
and PKR knockout (/) cells.
(B) Phosphorylated and total eIF2 in /
and PERK/ cells. MEFs were also treated
with thapsigargin (Tg, 500 nM, 1 hr). C:
control.
cells, we next wished to determine if any of the known GCN2 in eIF2 phosphorylation in UV-irradiated cells.
To determine if GCN2 is activated by UV irradiation, weeIF2 kinases might be implicated in this process. To
this end, we utilized MEFs, or established MEF cell lines, examined its phosphorylation state. GCN2 activation
correlates with Thr898 phosphorylation in its activationderived from mice in which the genes encoding the
eIF2 kinases PKR or PERK were deleted by gene tar- loop in response to leucine depletion [19]. UV irradiation
markedly induced GCN2 phosphorylation, as deter-geting. eIF2 phosphorylation in response to UV irradia-
tion was not abolished in PKR/ or PERK/ cells mined by Western blotting with an antiserum reactive
to phospho-Thr898 (Figure 3C). Levels of GCN2 phos-(Figures 2A and 2B). This suggests that neither kinase
plays an essential role in coupling UV irradiation to eIF2 phorylation in UV-irradiated cells were comparable to
those found in cells deprived of leucine, indicating thatphosphorylation. As expected, the PKR/ cells lacked
PKR protein (Figure 2A), and the PERK/ cells were UV irradiation is a strong activator of GCN2.
severely impaired in their ability to elicit eIF2phosphor-
ylation in response to thapsigargin, an agent that causes Deletion of the GCN2 Gene Prevents Inhibition
of Translation by UV Irradiationendoplasmic reticulum stress (Figure 2B). These data
confirmed the presence of the respective deletions. To further examine the role of GCN2 in translational
inhibition by UV irradiation, we compared protein syn-
thesis rates in irradiated wt and GCN2/ cells. Re-GCN2 Is Required for UV-Induced eIF2
Phosphorylation duced incorporation of 35S-methionine (in a 30 min pulse-
labeling) into newly synthesized proteins was apparentThe third eIF2 kinase tested was GCN2, which is acti-
vated in response to amino acid starvation in mamma- in wt cells at a UV dose of 80 J/m2 (20% decrease,
Figures 4A and 4B). Further increasing the UV doselian cells [19]. Leucine deprivation resulted in a strong
induction of eIF2 phosphorylation in isogenic wt MEFs resulted in a dramatic translation inhibition in wt cells.
However, the UV-induced inhibition of translation was(Figure 3A). However, leucine deprivation failed to in-
duce eIF2 phosphorylation in MEFs derived from significantly diminished in GCN2/ cells (e.g., com-
pare wt and GCN2/ cells at 120 J/m2; Figures 4A andGCN2/ mice [19]. This validates the GCN2-negative
status of these cells. Strikingly, while the wt MEFs were 4B). Even at a dose of 160 J/m2, at which translation
was inhibited in wt MEFs by almost 70%, GCN2/responsive to UV stress in that eIF2 became phosphor-
ylated, UV irradiation failed to induce eIF2 phosphory- cell translation rates remained at 80% of unirradiated
values (the inhibition observed in the absence of GCN2lation in GCN2/ MEFs (Figures 3A and 3B). Phos-
phorylation of the JNK protein occurred normally in at higher UV doses may be caused by damage to ribo-
somal RNA [2]). Thapsigargin treatment, which activatesGCN2/ MEFs (Figure 3B). This indicates that these
cells are not defective in all aspects of the UV stress PERK, elicited a similar degree of translation inhibition
in wt and GCN2/ cells (Figure 4C). The GCN2/response. These results establish an essential role for
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Figure 3. Targeted Deletion of the GCN2
Gene Abolishes UV-Induced eIF2 Phos-
phorylation; GCN2 Is Activated by UV Irradi-
ation
(A and B) UV-induced GCN2-dependent
phosphorylation of eIF2. Wild-type and
GCN2 knockout MEFs were irradiated with
an increasing dose of UV light, (A) from 80 to
200 J/m2 or (B) from 10 to 80 J/m2. MEFs,
deprived of leucine, were treated in parallel
as a control for GCN2-specific eIF2 phos-
phorylation. Cell lysates were analyzed for
phosphorylation of eIF2 and JNK as in Fig-
ure 1A. The phosphorylated and total proteins
are shown as indicated.
(C) The phosphorylation state of GCN2 fol-
lowing UV irradiation. Cell lysates prepared
from UV-irradiated wild-type GCN2 MEFs
were immunoprecipitated with anti-GCN2 an-
tibody and were blotted with a phospho-
Thr898 GCN2 antiserum. Cells deprived of
leucine were analyzed as a control for GCN2
activation. Total GCN2 levels were subse-
quently blotted with anti-GCN2 antibody. C:
control; Leu: leucine.
cells, therefore, remained competent for eIF2 phos- rather increased to some extent in p38 MAP kinase/
cells (Figure 5B). These results clearly demonstrate thatphorylation in response to other types of stress.
p38 MAP kinase is not required for the phosphorylation
of eIF2 by GCN2. To demonstrate that JNK is also not
UV-Induced eIF2 Phosphorylation by GCN2 involved in UV-induced eIF2 phosphorylation, 3T3 cells
Is Independent of JNK and p38 MAP Kinase were treated with a specific JNK inhibitor, SP600125
UV irradiation activates two important stress signaling [29]. While the phosphorylation of c-Jun was abolished
pathways, the JNK and p38 MAP kinase modules. Acti- by SP600125, eIF2 phosphorylation was not reduced
vation of JNK and p38 MAP kinase by phosphorylation by SP600125 following UV irradiation (Figure 5C). Again,
leads to transcriptional activation of genes functioning as seen with the p38 MAP kinase / cells, SP600125
in the cellular stress response [28]. It was therefore im- treatment resulted in a slight increase in eIF2 phos-
portant to determine whether GCN2, JNK, and p38 MAP phorylation. Therefore, the JNK and p38 MAP kinase
kinase impact on each other following UV irradiation. In signaling modules do not appear to modulate GCN2
response to increasing doses of UV irradiation (from 80 function, and GCN2 function is not required for JNK and
to 200 J/m2 ), both the JNK and p38 MAP kinases are p38 MAP kinase signaling. The slight increase in eIF2
phosphorylated in GCN2/ cells, to a similar extent phosphorylation by UV irradiation in p38 MAP kinase
as in wt cells (Figure 5A). Thus, GCN2 is not required / cells and in the presence of the JNK inhibitor
for the phosphorylation of JNK and p38 MAP kinases SP600125 could be due to enhanced UV stress in those
by UV irradiation. To determine whether p38 MAP kinase cells. It is possible that the inhibition of the UV response
may be involved in eIF2 phosphorylation, p38 MAP mediated by p38 MAP kinase and JNK results in the
kinase / cells were UV irradiated (from 80 to 200 increased activity of other UV stress responses such as
the DNA damage-cell cycle checkpoint.J/m2 ). eIF2 phosphorylation was not reduced, but
GCN2 Represses Translation in UV Stress
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Figure 4. Deletion of the GCN2 Gene Pre-
vents the Attenuation of Protein Synthesis by
UV Irradiation
(A) Wild-type (wt) and GCN2 knockout (ko)
cells were subjected to 35S-methionine meta-
bolic labeling after UV irradiation. Whole-cell
extracts were resolved by SDS-PAGE (12%;
each UV dose is presented in duplicate) and
exposed to film. Same extracts were used for
Western blotting of actin.
(B) A graphic presentation of three indepen-
dent experiments as shown in (A). Trichloro-
acetic acid (TCA) precipitable material was
measured by scintillation counting. Percent-
age values were obtained by normalizing the
counts of treated samples against the con-
trols.
(C) Metabolic labeling was performed in wild-
type and GCN2 knockout MEFs treated with
thapsigargin (Tg), in parallel with UV irradia-
tion shown in (B). C: control.
Discussion of the cellular sensors of environmental stresses, such
as UVC, that operate in other pathways also remain
unknown. For example, it is not clear how UVC activatesOur study reveals that the inhibition of translation in
response to UVC irradiation is an active adaptation that JNK or p38 MAP kinases [30, 31]. However, as noted
earlier [2], RNA molecules are prime candidates for sens-is not a direct consequence of damage to the translation
machinery, nor is it indirectly due to a block in gene ing UVC irradiation, as the RNA absorption maxima is
at 254 nm.transcription or posttranscriptional mRNA processing.
Rather, like other forms of cellular stress, UVC irradiation In yeast, Gcn2p is activated by binding to uncharged
tRNAs, which accumulate in amino acid-starved cellsis coupled to translational repression through eIF2
phosphorylation. Our study establishes a causal rela- [32]. This binding occurs through the HisRS region of
Gcn2p, which possesses three conserved motifs foundtionship between UV stress and translation inhibition,
and it goes on to identify the kinase responsible for in class II aminoacyl-tRNA synthetases [33]. The conser-
vation of this region in GCN2 kinases across specieseIF2 phosphorylation in UVC-irradiated fibroblasts as
GCN2. We have not identified the cellular sensor of UVC suggests that they too are activated by uncharged tRNA.
Indeed, targeted deletion of the murine GCN2 gene ab-that activates GCN2. It is noteworthy that the identity
Current Biology
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Figure 5. UV-Induced eIF2Phosphorylation
by GCN2 Is Independent of JNK and p38 MAP
Kinase Pathways
(A) Western blot analysis of JNK and p38 MAP
kinase phosphorylation. Cell lysates, pre-
pared from UV-irradiated wild-type and GCN2
knockout MEFs, were analyzed for phospho-
JNK and phospho-p38 MAP kinase. Total lev-
els for each protein are shown as a loading
control.
(B) Western blot analysis of p38 MAP kinase
and eIF2 phosphorylation. Cell lysates, pre-
pared from UV-irradiated wild-type and p38
MAP kinase knockout MEFs, were analyzed
for phospho-p38 MAP kinase and phospho-
eIF2. The total levels for each protein are
shown as indicated.
(C) Effect of JNK inhibitor SP600125 on phos-
phorylation. 3T3 cells were pretreated with a
specific JNK inhibitor, SP600125 (25 M, 15
min), before being irradiated with an increas-
ing UV dose. Cell lysates were analyzed by
Western blotting for eIF2 and c-Jun phos-
phorylation. Total levels of eIF2 are shown
as a loading control. C: control; DMSO: di-
methyl sulphoxide.
rogated the increase in eIF2 phosphorylation in re- tion [18, 34–38]. However, when eIF2 phosphorylation
is only mildly increased, the translation of certainsponse to amino acid starvation ([19] and Figure 3A).
We could detect no evidence for tRNA deacylation in mRNAs is actually increased. This paradoxical phenom-
enon has been extensively studied in yeast, in whichUVC-irradiated cells (J.D., unpublished data). An alterna-
tive model for GCN2 activation by UVC is the induction of eIF2 is phosphorylated to low levels under amino acid
starvation conditions, leading to an upregulation of thecovalent crosslinking of GCN2 to aminoacylated tRNAs,
which could result in GCN2 activation. translation of the mRNA coding for the transcription
factor GCN4 [11]. A similar mechanism functions whenSignificant eIF2 phosphorylation by PKR, HRI,
GCN2, or PERK results in a general inhibition of transla- PERK is activated in mammalian cells, leading to in-
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for 3 hr. Following stress treatments, cells were washed in ice-coldcreased translation of the transcription factor ATF4
PBS supplemented with phosphatase inhibitors (100 mM NaF, 20mRNA [19]. It is thus conceivable that the translation of
mM Na3MO4, and 20 mM -glycerophosphate) and 1 mM EDTAsuch mRNAs is also enhanced when GCN2 is activated
and were lysed in 250 l lysis buffer [45]. Lysates were cleared by
in response to UVC initiating a stress-induced gene ex- centrifugation at 14,000 rpm, and 30 g of extract from each sample
pression program. was resolved by SDS-PAGE. Resolved proteins were transferred
eIF2 phosphorylation may also play a role in cell to nitrocellulose membranes (Schleicher and Schuell). Blots were
incubated with primary antisera (see below) and horseradish peroxi-cycle arrest following UV irradiation [39]. Phosphoryla-
dase-conjugated anti-rabbit or anti-mouse antisera (Amershamtion of eIF2 as a consequence of UPR (unfolded protein
Pharmacia Biotech, 1:2500). The following primary antibodies wereresponse) results in inhibition of cyclin D1 mRNA transla-
used: rabbit anti-eIF2 phospho-Ser51 (Research Genetics,
tion, and this inhibition is responsible for the induction RG1001, 1:1000), monoclonal mouse anti-eIF2 (1:2500) [13], rabbit
of a G1 phase arrest [40]. It was suggested that such anti-GCN2 (recognizing total protein or phospho-Thr898, 1:1000)
an arrest might be required to provide sufficient time [19], rabbit anti-PKR (1:1000) [42], rabbit anti-JNK and anti-p38 MAP
for reestablishing cellular homeostasis following UPR. kinase (recognizing total proteins, JNK phospho-Thr183/Tyr185 or
p38 MAP kinase phospho-Thr180/Tyr182, Cell Signaling Technol-It is conceivable that cyclin D1 downregulation might
ogy, 1:1000), rabbit anti-c-Jun (Cell Signaling Technology, 1:1000),also occur in response to UVC irradiation to arrest cells
and monoclonal mouse anti-actin (ICN, 1:5000). To detect phospho-at G1 to allow sufficient time for DNA repair.
GCN2, treated cells were subjected to immunoprecipitation and
After completion of this work, a paper was published Western blotting, as described previously [19].
by Wu et al. [41] that demonstrated that UVC elicits a
dose-dependent decrease in translation that temporally 35S-Methionine Metabolic Labeling
coincides with the phosphorylation of eIF2. However, Cells were seeded into 6-well plates (1 105 cells/well, in triplicate).
Following stress treatment, cells were placed for 15 min in methio-Wu et al. conclude that eIF2 phosphorylation in re-
nine-free medium (methionine- and glutamine-free DMEM supple-sponse to UV stress is effected by PERK. This conclu-
mented with 10% dialyzed FBS and 2 mM glutamine), then pulse-sion was based primarily on the finding that a carboxy-
labeled for 30 min with [35S]Met/Cys labeling mix (New Englandterminal-deleted dominant-negative form of PERK could
Nuclear 772; 10 Ci/well in 500 l methionine-free medium). Cells
prevent UV-induced eIF2 phosphorylation. Also, eIF2 were washed twice with ice-cold PBS containing 1 mM EDTA and
phosphorylation was measured 4 hr (as compared to were lysed in 250 l/well RIPA buffer. Lysates were clarified by
less than 1 hr in our study) following UVC irradiation and centrifugation, and 20 l lysate was resolved by SDS-PAGE (12%).
Gels were fixed, dried, and exposed for autoradiography. In parallel,in different cell lines (MCF-7, HIT, COS-1). Our results
20l lysate was subjected to trichloroacetic acid (TCA) precipitation.demonstrate that, under the conditions used here, PERK
Insoluble material was measured by scintillation counting to monitoris not necessary for eIF2 phosphorylation in response
the incorporation of 35S-methionine.to UVC irradiation, because the response remains intact
in PERK/ cells. However, it is possible that PERK Acknowledgments
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